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ABSTRACT 
Forest canopy structure can be described by a variety of biophysical parameters, for example leaf 
area index (LAI) and fractional cover (fcover). These parameters are derived currently from re-
motely sensed data only with limited accuracy. The retrieval of biophysical parameters is often 
conducted by empirical models based on vegetation indices (VI) exploiting the spectral information 
but ignoring the spatial dimension contained in remote sensing data. However, texture information 
provided by high spatial resolution data can be potentially used as additional information related to 
the forest structure and might improve the models for the retrieval of biophysical parameters. The 
aim of this research is to evaluate several methods to combine spectral and textural information to 
derive the best retrieval method of LAI and fcover from spectral and high spatial resolution remote 
sensing data in a coniferous forest in the Swiss National Park. 
Spectral data as well as spatial data contain information, which can be correlated with the field 
measurements of biophysical forest parameters. The relationship between spectral data and the 
field measurements proved to be slightly better than between spatial data and field parameter. 
INTRODUCTION 
As a consequence of the increasing climate change, interests in the boreal coniferous forests and 
the associated carbon sinks strengthened very strongly in the last years. Boreal forests cover ap-
proximately 21 % of the forest land surface of the Earth and account for 13% of the carbon stored 
in the biomass (1). The characterisation of the forest structure is the basis for an exact estimation 
of carbon fixed in the boreal zone by biophysical parameters as Leaf Area Index (LAI) or fractional 
cover (fcover). There is a direct relationship between these parameters and the exchange of en-
ergy, CO2 and steam between plant canopies and the atmosphere. For example, physiological 
processes such as photosynthesis, transpiration and evapotranspiration are a function of LAI (2). 
Accordingly, estimation of biophysical parameters from remote sensing instruments is of wide in-
terest and significance. 
There are different approaches to derive biophysical parameters from remote sensing data. Em-
pirical studies involving spectral reflectance values are the frequently and successfully applied 
techniques in the estimation of LAI (3). Spectral indices are semi-empirical, relatively simple, and 
offer regression-based relationships between remotely sensed radiance indices and biophysical 
parameters (4). Vegetations indices such as the normalized vegetation difference indices (NDVI) 
may be viewed as a surrogate for scene vegetations content (5). A difficulty in estimation of bio-
physical parameters from vegetation indices is for example the asymptotic relationship between 
NDVI and LAI which results in a limited variation in NDVI values for LAI values greater than ap-
proximately 4.5 in forest stands (6). The vegetation index values are of a limited range as a conse-
quence of being derived from of a passive remote sensing platform, which may only assess the 
horizontal expression of a stand.  
The dynamic nature of forest conditions limits the ability to predict from a single information source, 
such as NDVI. As the NDVI is derived from image spectral values, any forest structural variability 
will be related to the computed NDVI values. For example, factors such as differences in crown 
closure, shadows or stand density may result in markedly different stand structures, yet will be still 
represented by the same NDVI (4). For example internal stand shade conditions, such as mutual 
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shadowing, will actually result in a decrease of NDVI as LAI increases. However, internal stand 
shade conditions may be detected in measures of image texture computed on imagery of high spa-
tial resolution. Texture may be used to provide structural information when the relationship be-
tween spectral information and LAI diminishes (4). Texture, in the context of digital image process-
ing, is the spatial variability of image tones which describes the relationship between elements of 
surface cover. Therefore, it follows that texture contains structural information, as the variation of 
image tones is related to changes in the spatial distribution in of forest vegetation (4). 
The objective of this study is to understand how the spectral and textural information relates to 
biophysical parameters and subsequently how the combination of these two information dimen-
sions might improve the description of the biophysical parameter. The approach is also based on a 
number of experiments published in the literature (4, 5, 7, 8). 
FIELD SITE AND DATA SET 
The study area for the acquisition of the field data is located in the Eastern Ofenpass valley which 
is part of the Swiss National Park (SNP). The Ofenpass represents an inner-alpine valley at an 
average altitude of about 1900 m a.s.l, with an annual precipitation of 900–1100 mm.  
The south-facing Ofenpass forests, the location of the field measurements, are largely dominated 
by mountain pine (Pinus montana ssp. arborea) and some stone pine (Pinus cembra L.), a second 
tree specie that is of interest for natural succession (9-11). These forest stands can be classified 
as woodland associations of Erico–Pinetum mugo (11). The understory is characterized by low and 
dense vegetation composed mainly of various Ericaceae and Sesleria species.  
Sampling scheme 
Four core test sites (labeled LWF1, LWF2, STA1, and STA2) and several additional distributed 
point samples describe the canopy and the spectral characteristics of the study area. The core test 
sites were selected following a stratified sampling scheme to cover different canopy densities 
within a stand of P. montana ssp. arborea (Figure 1). They were set up accordingly to the elemen-
tary sampling units of the VALERI scheme (12). Each site was defined by nine sampling points, 
evenly spaced in a grid spacing of 10 m, covering a square area of 20*20 m. The coordinates of 
the sampling points were georeferenced by nondifferential GPS receivers. Measurements of the 
biophysical variables describing the canopy were performed at all sampling points between the 7th 
and the 15th of August 2002.  
Canopy structure 
Canopy structure was described using two different methods, well known in literature and adapted 
to heterogeneous canopies (13, 14). Measurements were carried out using two canopy analyzer 
LAI2000 (15) and hemispherical photographs to provide canopy structure variables (16) separately 
for the crown and understory layer. The LAI2000 was used to estimate two canopy variables the 
effective leaf area index (LAI) and fractional cover. The LAI2000 provided an effective plant area 
index representing green foliage and woody area rather than just the green leaf area per unit 
ground surface area. The clumping effects at the shoot and crown level, typical for coniferous foli-
age, were corrected following an approach proposed by Chen et al. (1997b). Values for the clump-
ing index of mature Pinus banksiana canopies, a tree specie similar to the investigated species, 
were applied (13). The uncertainties associated with the LAI and the fractional cover provided by 
the LAI2000 were assessed based on the standard deviation of five reference measurements 
taken at each measurement point. Observed LAI values ranged between 1.78 and 3.99 (Table 1). 
Hemispherical photographs taken in parallel with the LAI2000 measurements allowed the separa-
tion of the canopy into its constituents foliage and wood fractions, i.e., needles, trunk and branches 
(17, 18). The algorithm allows to classify the photograph into its image elements (19). Subse-
quently, the classification technique allowed woody parts and green foliage, and their respective 
gap fractions, to be distinguished based on their respective colors. Observed LAI values ranged 
between 1.59 and 3.65 (Table 2). 
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Figure 1: Airborne imaging spectrometer data over the four test sites. The image composite repre-
sents geocoded and atmospherically corrected data of the spectrometer ROSIS in spatial resolu-
tion of 1 m resolving the heterogeneity of the observed forest 
Table 1: Statistical values of the individual test areas measured by LAI-2000 (average and stan-
dard deviation of the 9 subplots comprised in each plot) 
  LWF 1 LWF 2 STA 1 STA 2 TOTAL 
LAI mean 2.18 1.78 3.89 3.99 2.96 
 STDV 0.53 0.58 1.04 0.54 1.21 
FCover mean 0.38 0.34 0.63 0.69 0.51 
 STDV 0.15 0.22 0.17 0.2 0.23 
 
Table 2: Statistical values of the individual test areas measured by hemispherical photos (average 
and standard deviation of the 9 subplots comprised in each plot) 
  LWF 1 LWF 2 STA 1 STA 2 TOTAL 
LAI mean 1.59 1.84 3.56 3.65 2.66 
 STDV 0.08 0.304 0.294 0.48 1.07 
FCover mean 0.191 0.080 0.461 0.308 0.26 
 STDV 0.25 0.08 0.32 0.27 0.27 
Imaging data 
The ROSIS imaging spectrometer data were aquired on the 14th of August 2002 in parallel to the 
ground measurements. The local illumination and observation conditions were summarized by a 
solar zenith angle of 45.3°, a solar azimuth angle of 122.9°, and the flight heading of 293°. 
ROSIS covered a spectral range from visible to the near infrared with 115 bands. The image was 
geoatmospherically processed with the modules PARGE and ATCOR4 to obtain geocoded top-of-
canopy reflectances (20-22).  
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HRSC data were acquired on the 11th July, 2003. HRSC is a pushbroom camera with 9 CCD-
arrays and 5 different spectral bands. The HRSC-scene shows a spatial resolution of 0.15 m. The 
radiometric correction includes a flatfield- and a dark current correction. No absolute calibration nor 
an atmospheric correction has been performed for the HRSC camera data.  
RELATIONSHIPS OF BIOPHYSICAL PARAMETERS TO SPECTRAL AND SPATIAL DATA 
Spectral data as well as spatial data were evaluated for their performance to retrieve biophysical 
forest parameters, LAI and fcover, on two levels of spatial scale. The Plot level represented the 
average from 9 single measurements in each test site. The Subplot level considered the 9 single 
values in each test site. For the spectral as well as the spatial information several approaches 
were tested and the most promising results are presented in the following. 
Spectral data   
Plot level as well as Subplot level show a positive relationship between NDVI and the LAI-2000 
measured Leaf Area Index (Figure 2). At plot level the sample is too small for a qualitative state-
ment but the correlation is clearly evident. At subplot level the NDVI – LAI relationship shows a R2 
with low significance. For example R2 = 0.36 with a 9 m window size (Figure 2).  
 
Figure 2: Positive relationship between NDVI and the field measured LAI 
In the comparison of the field measuring methods no significant difference is visible. Both methods 
show the same curve progression over the different window sizes (Figure 3).  
At Plot level a significant relationship between LAI and NDVI above a window size of 3 m is visible. 
This value is equivalent to the average crown diameter. In smaller window sizes the heterogeneity 
between shadows, understory and crowns is too large for a sensible detection of the differences in 
LAI. Above a window size of 3 m the single scene components are averaged and the canopy in-
stead of the mosaic of shadows, understory and crowns is detected.  
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Figure 3: R2 of the relationship LAI – NDVI for different window sizes and field measurement in-
struments 
At subplot level an increasing R2 with increasing window size is observed. However, on the one 
hand the measurements for small window sizes are not representative (1-3 meters window size), 
since the hemispherical photos cover a larger area depending on the canopy height. On the other 
hand, problems with the independency of the calculated vegetation indices for the single subplots 
occur above a window size of 15 meters. The individual windows begin to overlap themselves and 
can’t be seen anymore as an independent observation. As a consequence, the R2 of the relation 
between field measurements and vegetation indices improves automatically.  
Also uncertainties related to the field measurements of 20% and geo localization errors add to the 
difficulties to establish a stable relationship based on single field observations.   
 
Figure 4: R2 of the relationship fcover – NDVI for different window sizes and field measurement 
instruments 
The results for the retrieval of fractional cover present a different picture (Figure 4). In contrast to 
the Leaf area index single hemispherical photos seem not suitable to measure fcover in the field. 
In the small zenith angle (10°) that is used for the computation of fcover from hemispherical pho-
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tos, often no vegetation is observed. Therefore a higher number of observations are necessary to 
sample representatively the canopy closure. 
Compared with other vegetation indices, for example the soilline-based perpendicular vegetation 
index (PVI), NDVI seems to be very stable over all window sizes (Figure 5). In contrast to the NDVI 
the R2 of the relationship between PVI and LAI/fcover varies very strongly. 
 
Figure 5: R2 of the relationship between different vegetation indices and the biophysical parameters 
(plot level, LAI-2000) 
Spatial data 
For the exploitation of the spatial information two texture measures have been employed: the dis-
similarity and the variance with in varying window sizes. A negative relationship between dissimi-
larity and field measured LAI (LAI-2000) at plot level as well as at subplot level could be observed 
(Figure 6). This demonstrates the feasibility of the biophysical parameter retrieval based on spatial 
information content alone. With increasing LAI the heterogeneity caused by differences between 
shadow, understory and crown decreases, which results in a reduced dissimilarity.  
 
Figure 6: Negative relationship between dissimilarity and the field measured LAI (hemispherical 
photos) 
Variance as well as dissimilarity show a strong relationship with the biophysical parameters at win-
dow sizes between 15 and 45 meters. Dissimilarity seems to contain more Information than dis-
similarity (Figure 7). 
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Figure 7: R2 of the relationship between different texture parameters and the biophysical parame-
ters with varying window sizes (plot level, LAI-2000) 
Spectral and spatial data 
The relationship between the combined VI-texture data versus LAI was tested by performing multi-
ple linear regressions, with LAI as dependent variables and VI/texture as independent parameters. 
 
 
Figure 8: Maps of LAI retrieved from spectral, spatial and spectral & spatial data 
Maps of LAI retrieved from spectral data as well as spatial data contain information which can be 
correlated with the field data and both can be used to map leaf area index and fractional cover. A 
visual inspection of the maps suggests that the spectral information content has more influence on 
the combined method than spatial data (Figure 8). 
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High values of LAI (>4.5) are found on the alpine meadow Stabelchod. However, it has to be men-
tioned that the empirical methods employed here are only valid for the vegetation type they were 
calibrated for. Consequently, results over vegetation types other than coniferous forest, such as a 
meadow, have to be handled with care. Many pixels along brooks or streets show negative LAI-
Values (white on the map). 
For other methods employed on the same study area, for example radiative transfer modelling (23) 
or LIDAR-based methods (24, 25) the same spatial patterns for the retrieved biophysical parame-
ters were found. These comparable studies confirm the plausibility of the above-presented results.   
CONCLUSIONS 
The presented results suggest that spectral data as well as spatial data contain information, which 
can be correlated with the field measurements of biophysical forest parameters. The relationship 
between spectral data and the field measurements proved to be slightly better than between spa-
tial data and field parameter. 
A study to determine the optimal spatial resolution for the retrieval of biophysical parameters (LAI 
and fcover) showed the need of a spatial resolution on the canopy scale. A spatial resolution 
above the average crown diameter is consequently recommended for the development of empirical 
relationships between passive remote sensing data and state of the art field measurements. For 
higher resolution the influence of shadows, understory and crowns leads to a very high heteroge-
neity, which does not allow for the establishment of stable relationships. Nevertheless, high resolu-
tion remote sensing data is needed for the computation of the texture information.  
A slight increase of the R2 suggests that the integration of image texture can improve slightly, but 
spectral data seems more suitable for the retrieval of biophysical parameters than spatial data. 
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